Since horn fly populations became established throughout Brazil, complaints regarding control failure have increased around the country. A broad survey to evaluate the susceptibility of horn flies to both organophosphate (OP) and pyrethroid insecticides was conducted from October 2000 to April 2003. Bioassays using filter papers impregnated with cypermethrin, permethrin or diazinon were conducted on 154 horn fly populations in 14 states and 78 municipalities. Resistance to cypermethrin, the active ingredient present in most insecticide products for horn fly control in Brazil, was detected in 98.46% of the populations, with resistance ratios (RR) ranging from 2.5 to 719.9. Resistance to permethrin (RRs ≤ 6.3) was found in 96.67% of the populations, despite its lack of use. In general, pyrethroid resistance was detected in 97.18% of the horn fly populations, with frequencies greater than 87% in all regions of the country. The status of susceptibility of horn fly populations in Brazil to insecticides can be characterized by high susceptibility to OPs and widespread resistance to pyrethroids, potentially compromising the efficacy of pyrethroid products in most cases. Although some partial results have previously been presented, a general picture of horn fly susceptibility in Brazil is presented here for the first time.
Introduction
In view of the increasing numbers of suspected cases of horn fly resistance in Brazil and limited knowledge regarding its status in this country, a comprehensive survey was started in 2000 to evaluate the susceptibility of horn fly populations to pyrethroid and organophosphate (OP) insecticides throughout Brazil. Partial results from that study for some states have been presented in technical publications BARROS, 2004; SAUERESSIG; and in scientific papers OLIVEIRA et al., 2006; BARROS et al., 2007) . However, complete data from around the country are presented here for the first time, providing a general picture of the status of horn fly susceptibility to insecticides, in Brazil at the beginning of this century.
In the early 1980s, the horn fly, Haematobia irritans irritans, was officially reported in northern Brazil for the first time (VALÉRIO; GUIMARÃES, 1983) . After crossing the rainforest and the Amazon river, H. irritans quickly dispersed throughout the country within a few years, facilitated by cattle transportation, and soon it was ranked among the major livestock pests because of the economic losses inflicted on the cattle industry (GRISI et al., 2002) .
Following the gradual dispersal of horn flies in Brazil, chemical control became necessary. Because of the lack of insecticidal products for this pest on the Brazilian market, horn fly control initially relied on products for cattle tick control, consisting mostly of pyrethroids. Commercial products quickly became available for horn fly control, but selection pressure remained mostly with pyrethroids.
Horn fly populations were highly susceptible to both pyrethroid and OP products until the mid-1990s, as shown in several studies on product efficacy (CAMPOS PEREIRA et al., 1992 SCOTT, 1992) . However, complaints regarding lower product efficacy and control failure soon started to be made from around the country, and pyrethroid resistance was eventually confirmed (GUGLIELMONE et al., 2001) . Training on the bioassay technique was provided to team leaders prior to field activities. The initial selection of states and municipalities for conducting bioassays depended on the geographical coverage by each field team. The random selection of ranches for bioassays was based on operational factors (ease of access, willingness of owner to collaborate with the study, fly availability, etc.), rather than suspected insecticide resistance. There was no effort to select animal breeds, production systems, history of insecticide use, or any other particular situation; in fact, all sorts of situations were encountered during the fieldwork, which was carried out in very distinct regions of the country.
Material and Methods
During visit planning prior to field trips, ranch owners were asked to keep a cattle herd untreated for at least two weeks before the visit. It was assumed that this procedure had been complied with, unless local information or high mortality in the fly control group during the bioassays led to suspicion of recent cattle treatment with insecticides.
The susceptibility of field horn fly populations to insecticides was assessed by bioassays using impregnated filter paper HINKLE, 1987; BARROS et al., 2002) . In order to standardize laboratory procedures, the insecticide kits used in the bioassays were produced in the Entomology Laboratory of Embrapa Pantanal and later distributed to all collaborators. The technical-grade insecticides used in the bioassays were diazinon (>93.5% purity, provided by Novartis and Chem Service), permethrin (>97% purity, FMC do Brasil and Chem Service) and cypermethrin (92%, Minerthal) diluted in acetone. Each insecticide kit contained three replicates of eight to ten concentrations of permethrin (0.4-51.2 µg.cm Insecticide kits were loaded immediately after an adequate number of flies had been collected from cattle by using entomological hand nets. Not all insecticide bioassays were performed at each site, and this depended on fly availability. Fly mortality was assessed after two hours of exposure, and flies that were unable to walk were considered dead. Bioassay mortality data from three replications were pooled and analyzed by means of probit analysis using POLO-PC (LEORA SOFTWARE, 1987) to obtain the lethal concentration (LC 50 ) for each field population.
Every year, the insecticide kits produced were tested on the susceptible horn fly colony that is maintained at the USDA Knipling-Bushland US Livestock Insects Research Laboratory (Kerrville, TX, USA), to provide a reference LC 50 . Resistance ratios (RRs) were calculated by dividing the LC 50 from field populations by the LC 50 from the reference susceptible colony. Differences in LC 50 between field and colony populations were considered statistically significant (field populations considered to be resistant) when the 95% fiducial limits did not overlap. Bioassays with fly mortality >10% in control dishes or without showing fiducial limits in the probit analysis were not used in this paper.
Because the RRs for permethrin were relatively low and small changes in the LC 50 might make resistance undetectable through standard evaluation of LC 50 fiducial limits, the analysis on susceptibility to this insecticide also took into consideration fly survival at diagnostic concentrations (DCs) in field bioassays. The permethrin DCs were the lowest concentration from each kit that resulted in 100% mortality of flies from the susceptible colony after two hours of exposure. Thus, flies surviving at a DC were considered resistant. The DCs for the 2000 and 2001 permethrin kits were 6.4 and 1.6 µg.cm -2 , respectively. Horn fly populations showing 1% or less survival were considered effectively susceptible (DAVIDSON; ZAHAR, 1973; MAY; DOBSON, 1986) , while higher frequencies were considered indicative of resistance in the population.
A standard questionnaire on ectoparasite control was administered at every ranch where bioassays were performed, in order to obtain specific information about the history of insecticide use and cattle pest control practices. However, these data will be not presented in this article.
Results and Discussion
A total of 251 insecticide bioassays using permethrin (90), cypermethrin (65) and diazinon (96) were conducted at 154 cattle ranches located in 78 municipalities of 14 states, in all major regions of Brazil (Table 1) . Most of the bioassays were conducted in the Central-Western region (Figure 1 ), which is the most important beef cattle production area of the country, representing more than one-third of the national cattle herd over the last decade (IBGE, 2010) .
Variations in insecticide kits occur in long-term studies due to several technical factors, thus making RR more appropriate than LC 50 for comparing results among different kits JOYCE, 1992) . For this reason, the data from this survey are discussed based on RRs.
The general status of insecticide susceptibility was similar among horn fly populations even from very distinct regions, which provided a consistent picture regarding the status of insecticide resistance in this country.
Permethrin resistance based on LC 50 was detected in 67.78% of the populations and resulted in RRs of less than 6.4, and lower than 3 in most (75.56%) resistant populations. These relatively low RRs may suggest apparent susceptibility or incipient resistance to pyrethroids in these populations. However, permethrin RRs of around 3 to 4 have previously been associated with pyrethroid ear tag failure (KUNZ; SCHMIDT, 1985; FOIL et al., 2005) . Thus, about one-fourth of the cattle ranches in the present study could be facing problems in their efforts to control horn flies with pyrethroid products if permethrin bioassays were considered to be good indicators of pyrethroid susceptibility in those situations.
Because minor changes in the LC 50 make resistance detection difficult, use of discriminatory concentrations may be a more suitable approach (DAVIDSON; ZAHAR, 1973) . In fact, analysis on data from diagnostic concentrations detected resistance to permethrin in 96.67% of the tested populations. Flies survived twice the permethrin DC for 2 hours or even longer in most populations with survival rates greater than 1%, while no fly survived higher concentrations or longer exposures when the frequency of resistant individuals was lower than 1% (BARROS et al., 2007) . Molecular analysis on some of these sampled populations confirmed that kdr (knockdown resistance) pyrethroid-resistant flies (SABATINI et al., 2009) were present in populations with permethrin RR as low as 1.5.
Although presence of flies surviving a given DC may indicate resistance development in a population, it should not be directly associated with control failure unless correlation between bioassay (2003, 2004 ).
data and product efficacy has previously been established. Not only does effective resistance depend on several factors (e.g. frequency of resistant flies in the population), but also the results from artificial bioassays using active ingredients and exposure to insecticide products that are applied to cattle may be quite different, thus producing misleading conclusions on how effective a certain insecticide concentration may be under field conditions. Therefore, even populations showing some resistant individuals in bioassays may still show considerable susceptibility in practice. Ultimately, detection of resistant flies in bioassays indicates that even if reduced product efficacy is still not perceptible, effective resistance is on its way and control impairment will emerge if selective pressure persists. Studies correlating bioassay results and insecticide efficacy have shown that a 5% horn fly survival rate at an OP diagnostic concentration was associated with reduction of OP ear tag efficacy in the field (BARROS et al., 2001) . If this criterion (5% frequency of resistant flies in a DC) can be extrapolated as an indicator for potential pyrethroid failure, then approximately 84% of the fly populations in this study would present control problems if pyrethroid products were used.
After the first year of this study, it became obvious that cypermethrin was the insecticide most used among cattle producers and the primary selective agent behind the horn fly pyrethroid resistance detected around the country. Pilot bioassays using cypermethrin provided much higher RRs, which made interpretation easier and more conclusive, and thus permethrin was replaced with cypermethrin in subsequent bioassays in this study. Comparison between the results from pyrethroid bioassays indicated that whenever possible, the insecticide to be chosen for bioassays evaluating susceptibility in field populations should be the most widely used insecticide in the region, which ultimately represents the primary selective agent in each particular situation.
Resistance to cypermethrin was detected in 98.46% of the populations and the respective RRs ranged from 2.5 to 719.9, thus establishing that high levels of resistance to this pyrethroid were occurring throughout the country ( Table 2 ). The frequency of resistance to cypermethrin found among the fly populations (98.46%) was very similar to that detected by permethrin DC (96.67%). High frequency of resistance to cypermethrin has also been detected in neighboring countries, such as Argentina, where resistance was found in 93.83% of the horn fly populations, with RRs ranging from 26 to 3,560 (GUGLIELMONE et al., 2001) .
High levels of resistance to pyrethroids are not uncommon and can reach thousands-fold (SHEPPARD; JOYCE, 1992). However, much lower RRs can actually be associated with product failure in the field, as shown by the reduced efficacy of a cypermethrin pour-on product applied to a population with cypermethrin RRs < 34 (GUGLIELMONE et al., 1998) . In the present study, 73.85% of the fly populations exposed to cypermethrin bioassays showed RRs ≥ 35, which suggests that about three out of four of the populations were potentially facing problems regarding horn fly control, as is routinely reported by cattlemen. Cypermethrin resistance was detected in most populations in the Northern region (91.67%) and in virtually all populations in all other regions of the country. Most of the highest cypermethrin RRs were found in the Northeastern states, where control of horn flies has relied mainly on pyrethroid products: mostly cypermethrin (88.46%) and deltamethrin (80.77%), usually applied by manual backpack spraying (OLIVEIRA et al., 2006) . In the Central-Western region, where cattle are raised extensively and parasite management practices are often not adopted, cypermethrin RR was lower than 100 (except for one population), thus indicating that selection pressure toward resistance was lower than observed in other regions of the country but still high enough to impair control.
In general, considering bioassays with both pyrethroids, resistance to this insecticide class was detected in 97.18% of the populations. Pyrethroid resistance occurred in all the surveyed states and in all but one municipality (São Gabriel, RS), where a single ranch was sampled. The frequency of pyrethroid resistance was very high, irrespective of the state or region ( Table 2 ). The lowest frequency of resistance to pyrethroids found in any state (87.50% in the state of Rio Grande do Sul) illustrates the magnitude of the problem as a whole. All the populations in the Northeastern and Southeastern regions were resistant to at least one of the pyrethroids tested, but the resistance frequency was also very high in the Central-Western (98.48%) and Northern (94.12%) regions.
Susceptibility of Brazilian horn fly populations to pyrethroids has dramatically changed in the last decade, in comparison with the initial records (SCOTT et al., 1994) . The status of pyrethroid resistance in Brazil is similar to what has been observed in other South American countries, such as Uruguay (MARQUES et al., 1997) , Argentina (GUGLIELMONE et al., 2001) and Chile (OYARZÚN et al., 2011) , where widespread horn fly resistance to pyrethroids has been detected regionally or nationally.
Independent of geographical location, remarkable variation in resistance levels to pyrethroids between populations that were sometimes just a few kilometers apart were observed. Ultimately, this reflected the previous history of pesticide use and control practices adopted locally, which are of paramount importance regarding resistance development (GEORGHIOU; TAYLOR, 1986) . Overall, the levels of population resistance tended to be more closely associated with the extent of the management practices adopted at the sites, and thus, higher levels of resistance were most often detected in more developed production systems.
Several combined factors may have predisposed and/or contributed towards the fast build-up and spread of pyrethroid resistance, as well as the magnitude that it has reached around the country. Development of pyrethroid resistance in horn flies can be quite a fast phenomenon and may take just 20-30 generations (BYFORD et al., 1999) or 3-4 years to reach perceptible levels. In Brazil, horn flies may produce about 20 generations per year (BARROS, 2002; RODRIGUES; MARCHINI, 2001) , thus making development of resistance a fast process if favorable selection pressure is imposed on the population. Moreover, pyrethroid products have dominated the national market for bovine ectoparasiticide products (SINDAN, 2001 (SINDAN, , 2003 since before the horn fly entered the country. They were the first choice for horn fly control and have been the major agent selecting for resistance. Furthermore, the initial pyrethroid products used in horn fly control were Frequency of pyrethroid resistance in each state or region (FPR = % of resistant populations in the total tested). Not all fly populations were bioassayed with both pyrethroids; populations were considered to be pyrethroid-resistant when analysis of either permethrin or cypermethrin bioassay data led to this conclusion. [1] [2] [3] [4] [5] [6] Locations from where partial results from this study have previously been published: Braga and Barros (2003, 2004) .
actually for use in controlling cattle ticks and were at twice the concentration needed for horn fly control. Finally, excessive and inappropriate use of insecticide/acaricide products has been a common practice on cattle ranches in Brazil, thus playing a role in accelerating development of horn fly resistance to pyrethroids. Therefore, the status of pyrethroid resistance has resulted from at least a decade of the combination of all these biological and operational factors together. Although pyrethroid resistance has been a major complaint among producers for some time, the higher toxicity of other insecticides (OPs) as well as higher prices of products from newer classes (e.g. macrocyclic lactones or phenylpyrazoles) and more expensive formulations (e.g. pour-on and ear tags) have helped to maintain sprayed pyrethroid products as the primary control choice. Traditional horn fly control (as well as current tick control) based on large-scale use of pyrethroid products is not sustainable and no longer satisfactory, and producers are looking for viable alternatives.
The horn fly populations showed high susceptibility to diazinon in all regions of the country; bioassays with this OP provided RRs < 1.3 (Table 2 ). Previous studies in South American countries also failed to detect resistance to diazinon (MARQUES et al., 1997; GUGLIELMONE et al., 2000; BARROS et al., 2002; OYARZÚN et al., 2011) , thus suggesting that if it is occurring, it either must be still at a low frequency or must be confined to particular sites. So far, horn fly resistance to OPs has been reported only in the USA (CILEK et al., 1991; STEELMAN et al., 1994; BARROS et al., 2001) and Mexico (GARCÍA et al., 2004) .
In this study, most of the wild fly populations showed higher susceptibility to diazinon than did the flies in the susceptible colony. Such negative cross-resistance has previously been reported in horn fly pyrethroid-resistant populations (SHEPPARD; MARCHIONDO, 1987; CROSBY et al., 1991) , caused by increased diazinon activation by the mixed function oxidases (MFOs) that are present in pyrethroid-resistant flies (CILEK et al. 1995) . In fact, MFOs play the most important role in horn fly pyrethroid resistance in Brazil (ATM Barros, unpublished data), although kdr has been detected at low frequencies in pyrethroid-resistant populations (GUERRERO; SABATINI et al., 2009 ). The relatively low use of OP products for controlling horn flies, as well as the widespread pyrethroid resistance mainly due to oxidative metabolism, may explain the high OP susceptibility.
Unfortunately, initial high efficacy of a product and effective control of horn flies do not necessarily mean that the resistance management strategy is appropriate for a long-term approach. After at least one decade of chemical control based mostly on pyrethroid products, this large-scale study indicates that there is widespread pyrethroid resistance in horn fly populations all over Brazil. Insecticide resistance has become a national concern and a critical routine problem for cattle producers in all regions. Inadequate control practices adopted by ranchers, as well as a market dominated by pyrethroid products, have predisposed towards resistance and continue to aggravate the current situation.
Furthermore, because of the broad action of most pesticide products, control over a livestock pest tends to affect untargeted species that share the same host or even its excrement. Thus, resistance in a target species tends to influence not only control over that species but also resistance development in other species, which seems to be the case between the horn fly and the cattle tick [Rhipicephalus (Boophilus) microplus]. This side effect of horn fly resistance may become a particularly important issue in regions where cattle ticks and tick-borne diseases are major problems affecting the cattle industry.
The present field survey confirms the susceptibility of horn flies to OPs, as well as establishing the widespread extent of horn fly pyrethroid resistance in Brazil. It thus provides baseline information for future horn fly studies and control strategies, as well as for resistance management programs, with the aim of reducing the negative impact of horn flies on the cattle industry in the country.
